A sensing strategy for chromogenic detection of molecular biothiols has been proposed based on fluorescein isothiocyanate (FITC) functionalized magnetic core-shell Fe 3 O 4 /Ag hybrid nanoparticles. Ag coated magnetic Fe 3 O 4 nanoparticles were initially synthetized. FITC was subsequently conjugated on the surface of core-shell nanoparticles by Ag-SCN linkage and then the fluorescence of FITC was quenched. Upon addition of molecular biothiols, since the Ag S bond is stronger than Ag-SCN, a place-displacement between thiols and FITC would occur and thereby the fluorescence of FITC would recover. Thus, a fluorescence "off-on" probe was attained by virtue of biothiols, so after magnetic separation, the fluorescence signal change of FITC in clear solution could be employed for quantitative determination of typical molecular biothiols such as glutathione (GSH) and cysteine (Cys). High sensitivity was obtained with the detection limits of 10 nM and 20 nM for GSH and Cys, respectively. As well as, the assay strategy presented excellent selectivity toward molecular biothiols against other amino acids. Furthermore, confocal imaging was achieved in living cells, indicating that this fluorescent probe is potentially applicable for imaging molecular thiols in biological systems.
Introduction
Molecular biothiols are known to play pivotal roles in a variety of important biological processes, such as reversible redox reactions and cellular functions including detoxification and metabolism [1, 2] . The concentrations of certain thiols have been associated with a number of diseases. Specifically, glutathione (GSH), composed of glutamic acid, cysteine and glycine, is a ubiquitous tripeptide and the principal nonprotein thiol. It has vital roles in maintenance of intracellular redox activity, intracellular signal transduction, and gene regulation [3] . Abnormal changes in the concentrations of GSH in plasma and erythrocytes are very possibly linked to HIV syndrome [4, 5] , Alzheimer's disease [6] , or Werner syndrome [7] . Cysteine (Cys) is a nonessential amino acid, the lack of which can result in many syndromes, such as slow growth in children, liver damage, skin lesions, and loss of muscle [8, 9] . Accordingly, the identification and detection of molecular biothiols in biological systems is required and very important. In recent years, a great amount of interesting studies have focused on the determination and sensing of biothiols. Various analytical methods including high-performance liquid chromatography [10, 11] , capillary electrophoresis [12, 13] , mass spectrometry [14] , chemiluminescence [15, 16] , electrochemistry assay [17, 18] , fluorimetry [19] [20] [21] , and nanoparticles-based colorimetric sensing strategy [22] [23] [24] [25] [26] [27] for biothiols have been developed. Among these methods, fluorescent probes and gold-nanoparticle-based colorimetric sensing gradually stand out in the rapid, sensitive, and selective determination of biothiols. Fluorescent probes have attracted great attention on account of their abilities to make thiols "visible" in living cells and to provide greater sensitivity. Our team has developed a series of fluorescent probes that can be used for rapid detection of thiols under physiological conditions, with emission in the near infrared (NIR) region [28, 29] . Yet, in most of the reported fluorescent methods, organic solvents are required to be introduced into the system to increase the solubility of fluorescent dyes [19] [20] [21] . As a type of recently developed biothiol sensor, gold-nanoparticlebased colorimetric sensing in general involves the aggregation, coupling, or assembly of gold nanospheres [22, 23] and nanorods [24, 25] . The dynamic process of nanoparticles assembly is strongly sensitive to the surrounding environment which should be carefully controlled in order to obtain reproducible assemblies.
Herein, water soluble magnetic core-shell Fe 3 O 4 /Ag hybrid nanoparticles were prepared and the silver shell was employed as a carrier and fluorescence quencher of fluorescein isothiocyanate (FITC) by Ag-SCN linkage. The biothiols were sensed by the fluorescence recovery of FITC based on a place-exchange between thiols and FITC which relied on the fact that Ag S bond is stronger than Ag-SCN. For this reason, the sensitivity and selectivity of this sensing system were investigated using GSH and Cys as the models of biothiols.
Experimental

Chemicals
Fluorescein isothiocyanate (FITC), glutathione (GSH), cysteine (Cys), alanine (Ala), lysine (Lys), tryptophan (Trp), glycine (Gly), polyethylene glycol, mercapto propyl trimethoxy silane (MPTS), and thiol-reactive n-ethyl-maleimide (NEM) were purchased from Aladdin (Shanghai, China). Other regents such as silver nitrate (AgNO 3 ), ferric chloride hexahydrate (FeCl 3 ·6H 2 O), sodium acetate (NaAc) were received from Sinopharm Chemical Reagent Co., Ltd, China (Shanghai, China). All of the reagents were of analytical grade and used without future purification.
Instrumentation
Solutions were prepared with deionized water (18.2 M cm specific resistances) purified by a Cascada TM LS Ultrapure water system (Pall Corp., USA). UV-vis absorption spectra were measured on a Thermo Scientific NanoDrop 2000/2000C spectrophotometer (USA). Dynamic light scattering (DLS) measurements were performed on a Malvern Zetasizer Nano-ZS90 (ZEN3590, UK). The morphological evaluation was carried out by scanning electron micrography (SEM, JSM 5600 LV, operating at 20 kV). IR spectra were obtained on a Nicolet iS 10 FT-IR spectrometer (Thermo Fisher Scientific, USA). Fluorescence spectra were obtained on a FluoroMax-4 Spectrofluorometer with a xenon lamp and 1.0 cm quartz cells (Japan). Fluorescence imaging was performed by confocal fluorescence microscopy on an Olympus FluoView Fv1000 laser scanning microscope (USA). The pH measurements were carried out on a PHS-3C meter (Shanghai, China).
Synthesis of core-shell Fe 3 O 4 /Ag nanoparticles
Firstly, Fe 3 O 4 nanoparticles were synthesized according to the reported method [30] with slight necessary modifications. Typically, FeCl 3 ·6H 2 O (1.35 g, 5 mmol) was dissolved in ethylene glycol (40 mL) to form a clear solution, followed by the addition of NaAc (3.6 g) and polyethylene glycol (4.0 g). The mixture was stirred vigorously for 30 min and then sealed in a Teflon lined stainless-steel autoclave (50 mL capacity). The autoclave was heated to and maintained at 200 • C for 8 h, and allowed to cool to room temperature. The black products were washed several times with ethanol and dried at 60 • C for 6 h.
The silver shell was coated on the surface of Fe 3 O 4 nanoparticles according to the reported protocol [31] . The specific synthetic route was shown in Fig. S1 in Supporting Information. Firstly, magnetite particles were treated with MPTS. Fe 3 O 4 (0.129 g) and MPTS (0.8 mL) were mixed in 40 mL ethanol (C 2 H 5 OH), refluxing at 80 • C for 6 h. The products were washed several times with ethanol. An Ag[(NH 3 ) 2 ] + solution was obtained by mixing 50 mg AgNO 3 with 0.5 mL ammonia water in 50 mL of deionized water and sodium hydroxide was used to adjust the pH value of the solution to 13.0. Then, 45 mg Fe 3 O 4 microspheres were stirred into the solution, and the mixture was stirred for 1 h. The mixture of 5 mL HCHO and 20 mL ethanol were dropped into the solution with stirring for 8 h. The products were separated by magnetic fields and then were washed with ethanol.
Modification of core-shell Fe 3 O 4 /Ag nanoparticles with FITC
A 50 mL FITC ethanol solution (1 mM) was mixed with 50 mL aqueous solution containing Fe 3 O 4 /Ag hybrid nanoparticles (1 mg/mL), and the mixture was kept at 37 • C for 3 h. The product was washed several times with deionized water to remove excess FITC by magnetic separation.
Determination of molecular biothiols
In a general procedure, under optimum conditions, 80 L of FITC modified Fe 3 O 4 /AgNPs hybrid material aqueous solution (1 mg/mL) was added to the 1900 L sodium acetate buffer solution (10 mM), followed by addition of 20 L molecular biothiol solutions at different concentrations. Then, the mixture was incubated at 37 • C for 20 min. After that, the mixture was separated by magnetic fields and the above clear solution was measured for fluorescence spectra. For all measurements, emission slit width was 4 nm, excitation wavelength was 490 nm and the fluorescence intensity was acquired with emission at 514 nm.
In the experiments of selectivity assay, all samples were tested in a similar manner. The selectivity of the sensing approach toward molecular biothiols was investigated over other amino acids.
Cell culture and confocal imaging
Hela cell lines (human cervical carcinoma cells) were obtained from the cell bank of Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). Cells were cultured in DMEM Medium supplemented with 10% fetal bovine serum (FBS) at 37 • C in a humidified atmosphere containing 5% CO 2 . Hela cells placed on coverslips were washed with phosphate buffered saline (PBS), followed by incubating with FITC modified Fe 3 O 4 /Ag nanoparticles. Fluorescence imaging of intracellular GSH in Hela cells was conducted by using a confocal fluorescence microscopy on an Olympus FluoView Fv1000 laser scanning microscope with ×20 and ×40 objective lenses. The excitation wavelength was 490 nm. Cell imaging was carried out after washing three times with PBS.
Results and discussion
Characterization of the Fe 3 O 4 /Ag hybrid nanoparticles
Characterization of the Fe 3 O 4 /Ag hybrid nanoparticles was shown in Fig. S2 in Supporting Information. As indicated in Fig.  S2A , the UV-vis spectrum of the prepared particles showed a surface plasmon resonance peak at about 440 nm indicating the formation of silver shell coated on magnetic nanoparticles. The SEM image was obtained from dried nanoparticles which were directly adhered to the sample stage, instead of decentralized solution, thereby, the particles exhibited aggregated state. The size of prepared nanoparticles was estimated about 80-120 nm as shown in SEM image (Fig. S2B) . Moreover, the size distribution of nanoparticles was obtained by DLS measurement. It tends to overestimate the diameters of nanoparticles measured by SEM images because DLS measured hydrodynamic diameters of silver coated hybrid nanoparticles. As indicated by Fig. S2C , the intensity contribution versus diameters of nanoparticles displayed a good size-distribution and a dominant distribution peak around 200 nm; average size was estimated to be 217 nm, which was allowed to be overestimated comparing with that of SEM images. The magnetic property was also evidenced by magnet test as the inset photographic image shown (Fig. S2A) , the absorbance peak disappeared after the magnetic separation as indicated by curve b. Fig. 1 outlines the assumed response mechanism of the sensor for biothiols. Firstly, the surface of prepared magnetic Fe 3 O 4 /Ag hybrid nanoparticles was modified by FITC molecules through S C N groups with non-covalent adsorption by Ag-SCN linkage and the fluorescence of FITC was quenched. It has been reported that, silver nanoparticles exhibit high FRET (fluorescence resonance energy transfer)-related quenching efficiency to organic fluorophores [32] . Herein, silver shell acted as the carrier and fluorescence quencher of FITC. Upon the addition of biothiols, the FITC molecules were effectively exchanged by thiol groups and released from the surface of the silver shell, which can be attributed to the stronger affinity between thiol groups and silver surface. Away from the quencher, the fluorescence of FITC recovered. The fluorescence signal for exchange was reflected by the photoemission of FITC in the solution. FITC was properly employed as a fluorescence reporter in the present study. To avoid the disturbance of un-stabilizing conditions, the clear solution was separated from hybrid particles by magnetic fields and then was measured by fluorescence spectrometer. The magnetic Fe 3 O 4 core-nanoparticles provided a simple and rapid separation process and worked well. As the fluorescence spectra shown in Fig. 1 , the fluorescence intensity of the solution increased after incubating with molecular biothiols (red curve) compared with that of the absence of thiol molecules (navy curve), indicating the fact that the FITC molecules on the surface of silver hybrid nanoparticles were effectively exchanged by biothiol molecules.
Sensing mechanism
Interestingly, the place-displacement between FITC and biothiol molecules could be confirmed by the theory of hard and soft acids and bases (HSAB). Ag + ions, as the soft acids, were prone to conjunct with much softer bases, so the stronger interaction tendency exhibited between silver atoms and thiol groups comparing with S C N groups. Thus, the SCN-containing FITC molecule was able to be replaced by biothiol molecules and released from the surface of silver shell. Besides, it was also noteworthy that the energy of Ag S bond was larger than that of Ag-SCN [33] , which suggested the stronger interaction tendency between the silver surface atoms and the thiol groups, and thus, the FITC molecules could be substituted by biothiol molecules. Therefore, a sensing system for chromogenic detection of biothiols was presented based on fluorescence recovery of FITC.
Furthermore, the displacement of FITC was verified by infrared spectroscopy. As displayed in Fig. S3 , after the incubation with GSH, the typical peak at 1570 cm −1 (C S) disappeared, and the peak at 1640 cm −1 (N H) increased. The results clearly demonstrated that the FITC was replaced by GSH on the surface of Fe 3 O 4 /Ag nanoparticles.
Optimization of sensing conditions
As a typical biological thiol, GSH was used to further investigate the fluorescence response of the sensing system. The effects of pH, temperature and incubation time were studied to optimize the experimental protocol. The fluorescence intensity with emission at 514 nm was acquired and the value of (F GSH − F blank )/F blank was employed for the estimation experiments, where F GSH means the fluorescence intensity at 514 nm of clear solution after the nanoparticles have been incubated for a given time interval at the desired temperature followed by the addition of GSH, F blank means that without the addition of GSH.
Interestingly, the replacement of FITC by biothiol molecules was found pH related. Figure S4 displays fluorescence responses to different pH values of the sensing system in presence of GSH. As the results indicated, there was an optimum pH value for GSH response, and pH at 5.8 was selected for GSH in the following experiments, which was equal or close to its isoelectric point.
The incubation temperature and time might play important roles in the sensing sensitivity. Several important experiments were performed to test their effects. Initially, fluorescence intensity of the nanoparticles equilibrated with the buffer as a function of time at various temperatures was determined and displayed, as shown in Fig. S5A . The results suggested that the fluorescence intensity of the nanoparticles equilibrated with buffer slightly increased as function of time and temperature, but that did not match the increase caused by thiols according to the following results with GSH.
The FITC modified nanoparticles and GSH were equilibrated at different temperatures, and the fluorescence recovery was acquired with emission at 514 nm. (F GSH − F blank )/F blank was employed as the index, which could deduct possible systematic errors. Herein, F GSH means the fluorescence intensity at 514 nm of clear solution after the nanoparticles have been incubated for a given time interval at the desired temperature followed by the addition of 10 M GSH, F blank means that without the addition of GSH. As shown in Fig. S5B , the fluorescence signal of the solution increased gradually with the increasing of temperature. Considering the application in physiological conditions, 37 • C was selected. Moreover, 20 min was chosen for incubation in the following assays.
Determination of sensitivity and selectivity for biothiols
Under the above optimized conditions, the determination performance of typical biothiols by using this sensing method was investigated. Different concentrations of biothiols were added to the nanoparticle solution and incubated for 20 min at 37 • C. After magnetic separation, the fluorescence spectra of clear solutions were recorded ( ex = 490 nm). Fig. 2A shows the fluorescence response of the sensing method against different concentrations of GSH. The fluorescence intensity ratio value of (F GSH − F blank )/F blank was employed for the quantification of GSH, where F blank means the fluorescence intensity of clear solution separated from nanoparticles without GSH after incubated for 20 min as the ones with GSH. It can be seen that the (F GSH − F blank )/F blank increased with the increasing concentrations of GSH. A typical plot of the (F GSH − F blank )/F blank values versus GSH concentrations was shown in Fig. 2B and a good linear relationship was exhibited over the range of 10-1000 nM, with relative standard deviations (RSD) between 4.3% and 12.0%. Moreover, another aminothiol, Cys, was also tested for this method. Similarly, under the optimum pH value at 5.0 (seen in Fig. S6 ), the satisfying results for Cys molecules were obtained, that is, as observed in Fig. S7 , a good linear relationship of (F Cys − F blank )/F blank values against Cys concentrations was displayed in the range from 20 to 1000 nM with RSD between 0.8% and 10.8%. The limits of detection for GSH and Cys were attained of 10 nM and 20 nM, respectively, lower than common colorimetric methods [22, 24, 27] . These results demonstrated the fluorescence off-on sensing strategy based on place-substitution could highly sensitively and highly accurately quantify the biothiols.
Meanwhile, the coverage and displacement of FITC are required to investigate for verifying the sensing accuracy and authenticity. According to the Lambert-Beer law, and the correlation between fluorescence intensity I F and concentration C,
In Eq. (1), A means absorbance, I 0 and I t mean the intensity of incident light and transmission light, K means the related coefficient, ε( ) is molar absorption coefficient, b represents the layer thickness, C means the concentration of analyte. In Eq. (2), I F means the fluorescence intensity, Y F means the fluorescence quantum yield. For a certain kind of analyte, an equality I F (1) could be obtained from Eq. (1) and (2), Table S1 , the concentration of FITC in each sensing system was estimated to be 0.89 M, which means higher than 0.89 M of the given thiols are required in order to completely displace the FITC molecules from the nanoparticle surface. This result was included in the linear range from 10 nM to 1 M, and therefore the quantitation for biothiols was rationally feasible. To validate the sensing selectivity toward biothiols, some other amino acids such as Lys, Ala, Trp and Gly were employed for the further test. Initially, these analytes were tested in the sensing solution separately. As shown in Fig. 3A , it is clear to see that only thiolcontaining analytes, GSH and Cys, can induce the obvious recovery of fluorescence of FITC due to the higher affinity of Ag S than Ag-SCN. Moreover, it is worth taking consideration that the Cys induced recovery of fluorescence of FITC was stronger than that of GSH in presence of the same concentration. Molecular space steric hindrance could be employed to explain the different placedisplacement ability for the FITC molecules. The Cys molecules were more easily to attach to the surface of modified nanoparticles with weaker space steric hindrance due to smaller molecular weight. The specificity toward a series of thiols has been reported based on gold nanoparticles or organic dyes [28, 34] . To further highlight the specificity and selectivity toward thiols, the fluorescence response to the GSH at 1.0 M in the presence of other amino acids respectively, and the mixture of GSH and all of other amino acids, were all investigated. As indicated in Fig. 3B , no noticeable interference in the detection system was observed on addition of other amino acids. It indicated that the developed sensing system could highly selectively determine molecular biothiols.
Application of this sensor in living cell imaging
After establishing the sensing system for highly sensitive and highly selective determination of biothiols, we next assessed whether it could respond in real bio-systems. Hela cells were taken as the biological test models owing to their strong phagocytic activity and clinical significance. This sensing system was utilized to image intracellular GSH which was the most abundant thiol species in cells and involved in many important biochemical processes. Hela cells placed on coverslips were washed with PBS, followed by incubating with 1 mg/mL of the FITC modified hybrid nanoparticles at 37 • C for 30 min, allowing the uptake of nanoparticles, and then washed with PBS three times. A strong fluorescence signal was observed from the Hela cells, as shown in Fig. 4A . In the control experiment, Hela cells were pretreated with an excess of thiol-reactive NEM [35] which consumed all of the free thiols within the cells, and then incubated with the sensing nanoparticles after washing three times with PBS. There was hardly any fluorescence, as observed in Fig. 4C . Fig. 4B and D provided the bright field images corresponding to Fig. 4A and C, respectively. So the sensing system could be established to be practically applicable, and the fluorescence changes in living cells indeed result from the changes of intracellular thiol levels. These results demonstrated that the place-displacement between biothiol molecules and FITC could occur in living cells and indicated that our presented strategy was capable of sensing thiols in real biological systems.
Conclusions
In summary, we have designed a chromogenic strategy for selective determination of molecular biothiols and fluorescent imaging in living cells by using FITC modified magnetic core-shell Fe 3 O 4 /Ag nanoparticles, due to the stronger interaction between silver surface and thiol groups. This assay method exhibits excellent selectivity and sensitivity toward typical biothiols such as GSH and Cys. Importantly, our sensing system did not involve the water solubility and aggregation problems comparing with other methods. Furthermore, the present sensor had been successfully employed for the fluorescent imaging of intracellular GSH in living cells, which might hold a promising potential for application in biological systems.
